Introduction: This study combined data across four independent cohorts to examine the positive and negative predictive values of an Alzheimer's disease (AD) blood test if implemented in primary care.
Introduction
Alzheimer's disease (AD) is the most common dementia and is the fifth leading cause of death for those over 65 years [1] . Currently, over 5 million Americans suffer from AD [2] , and it is estimated that those numbers will grow exponentially by 2050. AD has an annual health care cost similar to that of cardiovascular disease and more than cancer [3] . As a result of these rapidly increasing numbers, there is a growing need for the identification of a time-effective and cost-effective screening tool for use in primary care settings.
The Centers for Medicare and Medicaid Services recently implemented the annual wellness visit (AWV) that includes a cognitive examination (CMS.gov); however, the 2015 American Gerontological Society working group reported that "older adults are inadequately assessed for cognitive impairment during routine visits with their primary care providers" [4] . This limited access to early diagnostics has been associated with delayed treatment initiation, delays in provision of services to family members, overall decreased quality of life, and increased family burden [5] . Given the limited time available in primary care visits (average of 18 minutes), primary care providers are left with a significant dilemma of how to meet the AWV requirements.
In our prior work, we have proposed that an AD blood test could serve as the first stage in a multi-stage diagnostic workup [6] as is the case in infectious disease, cancer, and cardiovascular disease. A blood test can fit into the current infrastructure and be used to rule out patients who do not need further workup. We hypothesize that a blood-based screening tool for AD [7] [8] [9] [10] can serve as the first step in a multistage detection process [11] within communitybased clinics. Obtaining an early diagnosis within primary care settings can increase access to current therapies, reduce overall health care costs [12] , delay nursing home placement [13] , facilitate a connection with community resources, and reduce caregiver stress [13] as well as assist in future planning [13] . This model follows the evolution of breast cancer screening in primary care [13] .
When designing a biomarker (blood based or otherwise), it is crucial to first define the context of use and outline the methods for development per that fit-for-purpose [14] [15] [16] as well as outline the minimum performance requirements of the biomarker itself. In this case, what is the overall purpose of the AD blood screener when applied to a primary care setting? Is it to "diagnose" AD or to determine who needs follow-up examination? In primary care settings (and other settings), a key context of use for nearly all screening tests is to rule out those who do not have the disease to decrease the numbers of patients that undergo more invasive and costly procedures. For example, mammography does not rule in breast cancer as the positive predictive values (PPV) are below 30% [17, 18] . Additionally, screening of depression in primary care has low PPVs (e.g., 0.15-0.27) [19] , but negative predictive power is excellent (.0.96) [19] . In both cases, the screening test ensures that only those who need the follow-up examination (biopsy, psychiatric referral) undergo such procedures, which serves as cost containment and reduces unnecessary medical services to patients. This strategy also provides a streamlined, step-wise process for physicians to make decisions regarding which tests are used in what order.
Therefore, it is our proposal that a primary care AD blood screen can be used to rule out 85% or more of elderly patients seen in primary care who do not need to undergo more expensive procedures. Therefore, a screen positive on the AD blood test would trigger a multistage neurodiagnostic process of (1) neurology specialty exam for differential purposes, (2) cognitive testing, and finally, (3) cerebrospinal fluid analysis and/or PET amyloid imaging.
When moving from discovery to clinical consideration of biomarkers, there are a series of steps for validation purposes [20] . Once the biomarker has been identified and initial validation studies have been conducted (independent of the discovery set), the methods must be "locked down" for additional prospective studies (e.g., clinical trials) [20] . This "lock-down" procedure is where all steps in the process are solidified and no longer available for further manipulation. With regard to multimarker algorithm applications, such as our AD blood test, this includes the generation of a locked-down referent sample to which all future blood samples are compared. To date, no work globally has created such a locked-down referent sample, which is required for the next step of a clinical trial of the AD blood screen specifically within primary care settings. In this study, by leveraging samples and data across numerous clinic-based and community-based cohorts, we generated the first-ever locked-down referent sample for an AD blood screen and conducted a preliminary validation of this referent sample. Additionally, estimates of positive and negative predictive values were calculated simulating primary care setting base rates. To consider cost containment, analyses were conducted for a 10-protein version of the algorithm in addition to the full 21-protein algorithm that has been established in our prior work [6] .
Methods

Participants
Blood proteomic data were analyzed from 1329 individuals across multiple community-based and clinic-based cohorts outlined below. Table 1 contains the demographic characteristics of each cohort.
Health & Aging Brain among Latino Elders
Samples were analyzed from the Health & Aging Brain among Latino Elders (HABLE) study, an ongoing epidemiologic study of cognitive aging among communitydwelling Mexican Americans and non-Hispanic whites [21, 22] . The HABLE study uses a community-based participatory research approach, which involves partnering communities to conduct studies of human disease. This research was conducted under an institutional review board approved protocol with each participant (and/or informants for cognitively impaired persons) providing written informed consent. Each participant underwent an interview (i.e., medical history, medications, and health behaviors), detailed neuropsychological testing, blood draw, and medical examination (review of systems, Hachinski Ischemic Index scale, brief neurological screen). Testing was completed in English or Spanish depending on the participant's preference. Consensus diagnoses were assigned according to published criteria [23, 24] .
UTSW-Alzheimer's Disease Center
Samples from the NIA-funded UTSW-ADC biorepository were analyzed. Each participant underwent an interview, neuropsychological testing, blood draw, and medical examination per the NACC protocol. Consensus diagnosis was assigned based on published criteria [23] [24] [25] [26] [27] . Samples were drawn from both clinic-based and community-based subjects from prior ADC work.
Mayo Clinic-Jacksonville Alzheimer's Disease Center
Clinic-based samples were assayed from the NIA-funded Mayo Clinic Jacksonville ADC biorepository. Each participant underwent an interview, neuropsychological testing, blood draw, and medical examination per the NACC protocol. Consensus diagnosis was assigned based on published criteria [23] [24] [25] [26] [27] .
Panama Aging Research
Initiative study [28] Samples were assayed from community-based participants from the Panama Aging Research Initiative (PARI) cohort, the first-ever study of Panamanian aging. PARI participants were recruited from the outpatient geriatric services from the largest public hospital of the social security located in Panama. Each participant underwent an interview, neuropsychological testing, and blood draw. All participants (or their proxies) signed informed consent forms, and patient confidentiality was not breached in accordance with the Declaration of Helsinki (1964). Consensus diagnosis was assigned according to published criteria [23, 24] .
Sample collection
UTSW-ADC, Mayo, and PARI samples were collected nonfasting, whereas HABLE samples were collected fasting. Serum-(1) serum samples were collected into 10-mL tiger-top tubes; (2) samples were allowed to clot for 30 minutes at room temperature in a vertical position; (3) samples were centrifuged for 10 minutes at 1300! g at room temperature within 1 hour of collection; (4) 1.0-mL aliquots were transferred into cryovial tubes; and (5) samples were placed into 280
C freezers for storage until use. Plasma-(1) blood was collected into 10-mL lavender-top tubes and gently inverted 10-12 times; (2) tubes were centrifuged at 1300! g at room temperature for 10 minutes within 1 hour of collection; (3) 1-mL aliquots were transferred to cryovial tubes; and (4) tubes were placed in 280 C freezers for storage. Table 2 provides the breakdown of blood samples by diagnosis. Table 3 provides descriptive statistics for the individual proteomic markers assayed.
Proteomic assays
Proteomic data were obtained in duplicate via a multiplex biomarker assay platform using electrochemiluminescence on the SECTOR Imager 2400A from MSD (available at http://www.mesoscale.com). The MSD platform has been used extensively to assay biomarkers associated with a range of human diseases including AD. In our prior work, we conducted discovery and validation studies to identify and refine a putative AD blood profile. In our most recent work [6] , we refined the AD algorithm to 21-proteins, validated the algorithm on an independent assay platform technology, and validated the algorithm across species and tissue type [6] . Additionally, this 21-protein AD algorithm retains excellent diagnostic accuracy across ethnic groups. Therefore, this study sought to create the locked-down referent sample for the full 21-protein AD blood screen [6] : fatty acid binding protein (FABP), beta 2 microglobulin, pancreatic polypeptide, macrophage inflammatory protein 1a (MIP1a), c-reactive protein (CRP), soluble vascular cell-adhesion molecule-1 (sVCAM-1), thrombopoietin, a2 macroglobulin, eotaxin 3, tumor necrosis factor-alpha (TNF-a), tenascin C, interleukin-5 (IL-5), IL-6, IL-7, IL-10, IL-18, I309, Factor VII, thymus and activation-regulated chemokine, serum amyloid A, and soluble intercellular cell-adhesion molecule-1.
Statistical analyses
Analyses were performed using IBM SPSS21 and R. Chi square and t tests were used to compare case versus controls for categorical variables (sex and race) and continuous variables (age and education), respectively. Per the Institute of Medicine (IOM) guidelines [20] , we created a "lockeddown" referent sample of n 5 1128 samples. To do this, a random sample of n 5 201 samples was selected from the full sample of n 5 1329 for initial validation of the referent cohort. The remaining sample of 1128 samples was combined into a single-referent sample. Once validation studies were completed, the full existing sample (n 5 1329) becomes the complete "locked-down" referent sample for all future clinical trials and community-based projects looking at this AD blood screen. This locked-down referent sample is multi-ethnic, community-based and clinic-based and covers a broad age spectrum as is needed for implementation of a validated biomarker algorithm [14, 15] . Sensitivity, specificity, and area under the receiver operating characteristic curve (AUC) were generated from the random forest analyses. It has been estimated previously that approximately 12% of individuals age 65 years and above suffer from AD [2] (i.e., the estimated population base rate). Therefore, approximately 12% of all older adults age 65 years and above being seen in primary care settings are suffering from AD. Therefore, PPVand NPV were calculated for AD using Bayesian statistics [29] using the estimated population base rate of 12% of AD among those age 65 years and above. Table 1 provides the demographic characteristics of the sample. The referent "locked-down" sample (n 5 1128; control, n 5 613; AD, n 5 255; mild cognitive impairment [MCI], n 5 260) was used to detect AD among the validation sample (n 5 201; control, n 5 109; AD, n 5 45; MCI, n 5 47). Applying the AD blood screen from the "lockeddown" referent sample, the 21-protein algorithm yielded an AUC was of 0.87. The addition of age, gender, and education improved the AUC to 0.89. Therefore, PPV and NPV were calculated using the full algorithm of 21-proteins 1 demographics (age, gender, and education). Holding specificity (SP) at 0.98, sensitivity (SN) was 0.63 which resulted in a PPVof 0.81 and NPVof 0.95. In an effort to consider cost reduction and scalability, we restricted the AD blood test to only the top 10 proteomic markers 1 demographics. The overall AUC was 0.90. When holding SP 5 .98, SN fell to 0.58, which resulted in a PPV 5 0.80 and NPV 5 0.95.
Results
Next, the referent "locked-down" sample was used to detect MCI. Using the full 21-protein algorithm 1 demographics, the AUC was 0. 
Discussion
These results provide the first-ever locked-down referent sample and proof-of-concept support for the potential utility of our AD blood test as a primary care assessment tool to determine which patients warrant follow-up examination. As noted above, the context of use for this test is not diagnostic, but rather to provide a tool for assisting primary care physicians in making an empirically based judgment on who requires a referral for more costly and invasive procedures. The availability of such a tool for primary care providers would serve to increase access to specialty clinics, cerebrospinal fluid biomarker analysis and amyloid PET scans by reducing the numbers of inappropriate referrals.
The AD blood screen provided an excellent NPV (0.95) and PPV (0.80) for detecting AD. In fact, the AD blood test outperformed many screening instruments currently available for primary care. The AD blood screen was also excellent in ruling out MCI (NPV 5 0.93), and PPV was also very good (0.75). Given that the AD blood test was built for the context of use (COU) as a primary care screening tool for AD, this lower PPV is not surprising. However, when applied to MCI, the AD blood screen still performed comparable to or better than many commonly used primary care screens. Table 4 provides an overview of a broad range of screening tools for various conditions for comparison purposes. This table is intended to put the current work into context of existing tools and to set appropriate estimated performance parameters for this specific COU. For example, the 15-item Geriatric Depression Scale yields a PPV 5 0.15 and NPV 5 0.99 for screening depression in a primary care setting [19] when appropriate base rates are applied [38] . The CES-D provided a PPV 5 0.27 and NPV 5 1.0 for major depression and PPV 5 0.10 and NPV 5 0.96 for minor depression [19] . Urine dipstick in an emergency room screening setting for detecting diabetic ketoacidosis yields a PPV 5 0.15 but NPV 5 0.99. G-FOBT provides a PPV 5 0.35 and NPV 5 0.99 for detecting colorectal cancer [34] . Low-dose computed tomography for lung-cancer screening provides a PPV 5 0.42 and NPV 5 0.99. PSA has a poor PPV but excellent NPV [30] . Capillary blood glucose only has a PPV of 0.20 for detecting gestational diabetes but a NPV of 0.95 [31] . As seen in Table 4 , a host of screening instruments provide excellent NPV and therefore these initial screening tests rule out a tremendous number of patients who do not need subsequent examinations that are more invasive and costly. Therefore, our AD blood screen (and when applied to MCI) performs within acceptable estimated parameters for the intended COU, and the next step in this work is to conduct prospective studies (e.g., clinical trials) leveraging the current locked-down referent sample.
In addition to serving as a means for primary care screening, the AD blood test also has a tremendous advantage for increasing access to disease-modifying drugs (clinical trials and medications when Food and Drug Administration [FDA] approved). Specifically, the AD blood screen can be used to rule out those who should not undergo PET amyloid imaging for inclusion into clinical trials or consideration for treatment once FDA approval is acquired for one of these drugs. PET amyloid scanning is expensive and, as with cancer, not a viable first line in determining drug intervention. If our AD blood screen provides a NPV 5 0.90 with a PPV 5 0.70, this would reduce the PET amyloid scanning needs significantly. For example, using the MCI results above with SP 5 0.98 and SN 5 0.42, PPV 5 0.74 and NPV 5 0.93. If a total of 10,000 patients were screened for eligibility to PET scans (for clinical trial entry or drug administration), PET amyloid screening costs would be approximately $50 million at $5000 per scan (less than the anticipated clinical cost of this scan). If the AD blood test were used as the first step, it could accurately rule out 8642 adults from receiving PET scans and reduce the PET scan screening cost by over $43 million. Again, the key purpose is to rule out those who do not need a PET scan.
Availability of this AD blood screen would result in a significant cost savings of the screening budget for clinical trials and a cost savings when considering incorporating disease-modifying drugs into clinical practice. Given that insurance companies do not pay for the FDA-approved amyloid scanning methods, the availability of this AD blood screen could also be used to build a successful reimbursement strategy for amyloid PET scans for those who screen positive on the blood test (i.e., cost containment). This model for seeking reimbursement can follow what has been successful in the cancer space. For example, more expensive imaging modalities such as PET scans for breast cancer only became reimbursed by CMS as an adjunct to other imaging modalities (that are less expensive) rather than the first-line or standalone procedure [39] . The comparative effectiveness research in the cancer space [40] [41] [42] could help outline a landscape for seeking approval and reimbursement for screening and diagnostic testing in AD in anticipation of the availability of disease-modifying agents in the near future. Therefore, the availability of the AD blood test could provide a cost-effective method for implementation of disease-modifying drugs into the current medical system. Overall, the current findings are supportive of further investigation into the current AD blood screen as a tool for primary care physicians and a clinical trial should be conducted. This tool is intended to refine the diagnostic process such that those who screen positive undergo additional steps for the diagnosis and differential diagnosis. This process can also streamline and maximize cost-effectiveness of PET amyloid scans once disease-modifying drugs become FDA approved. Fig. 1 provides an example of an updated patient flow diagram for the multistage neurodiagnostic workup and When put into the context of the IOM guidelines for steps from discovery to clinical utility, the AD blood test is ready for a full-scale clinical trial within the context of use of primary care settings. Additional lock-down steps would be required if the AD blood screen is to be reduced in size (e.g., 5-proteins rather than 21 or even 10). Additional lock-down work should be conducted to maximize the blood collection protocols to ensure global scalability of the methods. The current work establishes the "locked-down" reference sample for the first-ever clinical trial of an AD blood test in primary care.
Conclusion
The current findings suggest that an AD blood test for primary care settings is a viable option for a cost-effective and time-effective means of making determinations as to which patients require follow-up examinations and procedures, and a clinical trial is required to demonstrate the prospective diagnostic accuracy. Provision of this AD blood screen could increase access to currently available medications and resources. Additionally, the availability of an AD primary care assessment tool would increase access to more advanced diagnostic procedures (CSF or imaging biomarkers) as well as disease-modifying drugs, once available. Our AD blood screen performs equivalent to or better than many primary care screening examinations. The current work is poised for the first-ever clinical trial of an AD blood test in primary care, which is required for validation of this work. sibility of the authors and does not necessarily represent the official views of the National Institutes of Health.
RESEARCH IN CONTEXT
1. Systematic review: To date, there is no blood screening tool for primary care providers to determine which patients should be referred for more expensive and invasive diagnostic procedures. Such a screening test would meet the annual wellness visit (AWV) requirements and increase appropriate access to advanced diagnostic procedures (imaging, cerebrospinal fluid, clinical) as well as disease-modifying medications, once FDA approval has been achieved.
2. Interpretation: Data were combined across multiple clinic-based and community-based cohorts to generate a multi-ethnic "locked-down" referent cohort for the AD blood screen. Diagnostic accuracy, positive and negative predictive power, was excellent for the AD blood screen.
3. Future directions: With the availability of the lockeddown referent cohort, the first-ever clinical trial of an AD blood screen in primary care clinics can be conducted. Additionally, the utility of this bloodscreen as the first step in the diagnostic process for PET scans should be examined as this would significantly decrease costs and increase access to disease-modifying agents once FDA approval is obtained.
